Elastic symmetry was studied in the middle descending thoracic aorta, abdominal aorta, and left common carotid artery under physiologic ranges of loading in ten dogs. A segment of the blood vessel was isolated and hung vertically. As the segment was pressurized, the radius, length, and the rotation of the lower end of the vessel were measured with respect to the fixed upper end. In addition, the angular displacement of a glass whisker initially placed perpendicularly through the wall was measured. From these data it was possible to calculate the values of shearing strains and elongating strains associated with pressurization and various imposed longitudinal stresses. The values of shearing strain varied from 0.003 to 0.115 over pressure ranges of 3 to 270 cm H 2 O. In all instances the values of shearing strain were much smaller than the corresponding elongating strains. It was concluded that the vessel has elastic properties that are nearly symmetrical about the planes perpendicular to principal stresses under physiologic loading, i.e., the vessel may be treated as a cylindrically orthotropic tube.
• The mechanical behavior of the arterial tree is governed to a large extent by its elastic properties. Histologically the arterial wa^l is seen to contain an oriented pattern of extensible fibers consisting of collagen, elastic tissue, and smooth muscle. In the larger arteries these fibers are seen to be oriented predominantly in the circumferential and longitudinal directions (1, 2) . The fibers are closely packed in a gelatinous matrix. The elastic properties of this matrix-fiber system are defined in a manner analogous to those in a homogeneous elastic continuum. Thus the elastic constants for this microscopically inhomogeneous system are defined in terms of orthotropic elastic properties shearing strain in arteries Accepted for publication November 10, 1968. the proportionality between the stress averaged over an area, which is large compared to the cross section of an individual fiber, and the resulting strain. In recent years there has been considerable interest in the measurement of these properties (3) (4) (5) (6) (7) (8) . Calculations of elastic moduli from such measurements have been based on a number of assumptions, the validity of which has never been proved. One such assumption is that the vessel under physiologic loading exhibits the property of "elastic symmetry" about the planes perpendicular to principal stresses, i.e., the direction of the fibers and consequently the direction of their extension are parallel to the direction of the principal stresses. It is the purpose of this paper to examine the validity of this assumption since it bears directly on the logic necessary for the calculation of vascular elastic moduli from measured stress-strain relationships. A blood vessel is normally operating under an oscillating state of stress. Stress is applied to the vessel by the intravascular pressure and by longitudinal traction from the adjacent vascular tissue and tethering. From the cylindrical geometry of the blood vessel, it can be argued that these stresses, developed under physiologic loading, are simple tensile or compressive stresses orthogonally oriented along the geometric axes of the system. That is to say, if a cylindrical coordinate system were placed with the z axis along the center line of the blood vessel, then only three normal stresses (principal stresses) act on the wall: a tensile stress, S z , in the longitudinal direction (z); a tensile stress, Se, in the circumferential direction (9) ; and a compres-sive stress, S r , in the radial direction (r). Under simple pressurization shearing stresses will not appear with this particular orientation of the coordinate system.
It is usually assumed that a blood vessel has isotropic elastic properties, and this would be the case if the fibers were all randomly oriented. If it does, then it would respond to the aforementioned normal stresses with simple elongating (or contracting) strains in the direction of the stresses. However, in addition to the obvious histologic evidence mentioned earlier, previous rheologic studies have shown blood vessels to be anisotropic, i.e., the elastic properties are different in each direction (7) (8) (9) (10) . In general, anisotropic substances will respond to a tensile stress not only by elongating but also by developing shearing strains (as illustrated in the lower portion of Fig. 1 ), unless the orientation of the fibers in the vessel matrix are in the same direction as the applied normal stresses, i.e., the substance has an elastic symmetry about the planes perpendicular to normal stresses as described earlier.
The shearing strains that could develop in a blood vessel in the general anisotropic case are shown schematically in Figure 1 as yze, y r 9, and y rz . In this situation one may visualize the orientation of the fibers to be in directions different from the coordinate axes, e.g., in a helical pattern with a significant angle of pitch. If this were the case, then it would be necessary not only to measure all of the resulting shearing strains but also to calculate the various coupling moduli relating the tensile stress to each of the shearing strains, in order to characterize completely the elastic properties of the blood vessel. For example, in the simplest situation, using linear elasticity theory, the three normal stresses, S r , Se, and S z and the three shearing stresses, 1 S r e, S rz , and S z e, are related to the corresponding strains by the following equations: S r = A n e r + A I2 e 9 + A 13 e 2 Se = Ai 2 e r + A 22 e e + A 23 e z S z = A 13 e r + A 23 e e + A 33 e z : r + A 24 e e + A 34 e z r + A 25 e9 + A 35 e z + A 2C €e + S r e -• S z e = where e r , ee, and e z are the radial, circumferential, and longitudinal elongating strains and yij are the shearing strains as described above. The coefficients A u are the required elastic coupling moduli. The values of these 21 independent moduli can only be calculated if all of the 3 nonvanishing stresses and the 6 strains are measured simultaneously for various boundary conditions. This greatly complicates measurement, data processing, and application of the results to practical J As discussed previously, for a cylindrical blood vessel, the values of the shearing stresses are zero under physiologic loading. The subscripts are used in the following sense: S r 9 implies stress acting on the r plane in the 6 direction. 2 With this type of elastic symmetry all the coefficients AIJ outside the boxed portion of equations 1 Circulation Research, Vol. XXIV, January 1969 problems. On the other hand, in the fortunate circumstance that the elastic properties of the substance are symmetrical about the planes perpendicular to principal stresses, the problem would be greatly simplified (11) . In this case no shearing strains can develop as described earlier (upper portion of Fig.  1 ), and the only pertinent moduli 2 are those relating normal stresses to elongating and contracting strains represented by the three simple relationships shown in the boxed portion of equations 1. Therefore, it becomes important to determine the extent to which the elastic properties of the anisotropic blood vessel are symmetrical about the planes perpendicular to the normal stresses. This problem can be attacked by applying purely normal stresses to vascular tissue and observing the resulting elongating and shearing strains.
At this stage, it is important to point out that in a thin-walled blood vessel (the membrane assumption) the only shearing strain that is defined under physiologic loading is that associated with torsion, y z e, since a finite wall thickness is required for development ID IE IF of the other shearing strains, y r e and y rz . To the extent that the thin-walled assumption is often used in blood vessel physiology (12, 13) , it becomes relatively more important to quantify y z e than the other two shearing strains.
With the foregoing in mind the present study was undertaken to evaluate the shearing strain, y z e, in thoracic aorta, abdominal aorta, and common carotid artery under physiologic loading; whereas, the other shearing strains were onlv evaluated in the thoracic aorta. vanish except A 44 , A g5 , and A 06 . Since these latter moduli relate shearing stresses to shearing strains, they are not considered pertinent in this situation. 
Methods
Ten dogs weighing 25 to 37 kg (average weight 31.3 kg) were studied under chloralose and urethane anesthesia (about 65 and 650 mg/ kg). The middle descending thoracic aorta (thoracic aorta), abdominal aorta, and left common carotid artery (carotid artery) were exposed and freed from their surrounding tissues. Measurements of external radii were made with Vernier calipers along the vessel around a mean intravascular pressure of 130 cm H 2 O. From these measurements a relatively uniform segment was chosen for study. An assembly containing two plastic, cylindrical plugs (B and C in Fig. 2 ) which were screwed on to two threaded sections of a hollow metal rod (A) was selected so that the plugs would fit snugly into the segment lumen. The plug assembly was inserted down the lumen of the vessel through a longitudinal slit made in the vessel several centimeters from the point of interest. The vessel segment was coupled to this assembly by tying sutures externally around the vessel over the circumferential grooves in the plugs as shown in the figure at 1, 2, 3, and 4. The dog was then killed, and the segment attached to the above assembly was removed and mounted vertically in the clamp of a ring stand as shown in Figure 2 . A cylindrical cap (D) was then attached over the lower end of the segment with set screws. A pointer (E) extended radially from the cap assembly to a protractor scale as shown in the lower portion of the figure. The segment length was measured and recorded as the in-vivo length. Then the hollow rod was unscrewed from the plugs (completely freeing the lower plug) and withdrawn until the distal threaded portion of the tube engaged the threads of the proximal plug. The tube was then screwed into the proximal plug leaving the lower plug free to move. The hollow metal rod (A), coupled now only to the proximal plug, was connected to an ad-TO RR.
•A-FIGURE 3
Diagram of experimental setup to determine the shearing strain, y re . B, a protractor to measure the change in angle of the glass whisker indicated by small arrow passing perpendicularly through the wall. A, D, E, and F are as in Figure 2 . 62  92  64  75  66  75  60  80  41  58  50  63  54  65   30  30  30  60  60  10  10  46  46  45  45  26  26  57  57  64  64  5  5   48  53  62  60  64  32  55  47  48  45  46  34  41  63  63  64  64  32  49 ARTER IAL SIEGMEN1 justable reservoir filled with normal saline, the height of which controlled the pressure in the segment. This pressure was monitored by a P-23 Db Statham transducer. The zero pressure reference was set at the midsegment level. The radius at midsegment level and the length and the change in angle of the pointer (E) were also measured. Then, at the end of the experiment the values of unstretched radius (R o ) and length (L o ) were measured after the specimen was opened longitudinally and laid on a flat surface. From these data it was possible to calculate the values of shearing strain, y 7 &, associated with the torsion of the vessel, as well as the circumferential and the longitudinal elongating strains. The torsional shearing strain, y z& , for a circular cylinder (14) is given by <f>R 7' (2) where R is the radius in cm, L is the length of the segment in cm, and (/> is the angular rotation of one end of the cylinder with respect to the other expressed in radians. The circumand the ferential strain, ee, is given by longitudinal strain, e z , by -;-, where AR and AL are the changes in radius and length associated with a corresponding change in pressure.
In some instances an additional procedure was carried out in the thoracic aorta to measure the second shearing strain, y re . A glass whisker shown as the small arrow in Figure 3 was passed through the wall in the middle of the vessel segment. The whisker was initially placed perpendicular to the wall, and its angular displacement subsequent to loading was measured by a protractor. The value of y r e was then obtained by calculating the angular displacement of the whisker with respect to the vessel surface after making appropriate correction for torsional displacement.
Three types of experiments were carried out for each vessel segment: 1) Longitudinal Constraint with Weights.-The segment was inflated to the control pressure of 130 cm H 2 O and its length in situ was restored by hanging weights from the central shaft of the cap on the lower end of the segment. The average values for these weights to restore the vessel to its in situ length were 55, 135, and 54 g for the thoracic aorta, abdominal aorta, and carotid artery, respectively. The pressure in the segment was then varied, in steps, from 7 to 270 cm of H 2 O, and the corresponding values of R, L, (j), and the angular displacement of the glass whisker were recorded.
2) Length Fixed.-ln this part of the study the length of the segment was fixed by tethering the tip of the central shaft to the base of the ring stand using a fine nylon thread at the natural length occurring at 270 cm H 2 O pressure. The change in angle, and external radius were measured as the pressure was then lowered to 3 cm H 2 O.
3) No Constraint.-In this part of the study no longitudinal constraints were imposed except for the weight of the cylindrical cap and the pointer attached to the lower end; the average values for these were 10, 10, and 1 g for the thoracic aorta, abdominal aorta, and carotid artery, respectively. The changes in L, R, and 0 were measured over the same pressure range as above.
Results
The strains encountered in the present experiments are summarized in Table 1 for various pressure ranges. It can be seen that in all instances the shearing strain, y z 6, associated with torsion is at least an order of magnitude smaller than the corresponding circumferential and longitudinal strains. The value of y z e was largest for the common carotid artery. In comparing the three types of experiments it can be seen that the value of Y Z E was the largest for the unconstrained vessel segment. It is reasonable to assume that experiments with longitudinal constraints are closer to the true physiologic state.
In addition to the above studies two ancillary studies were done in vivo to corroborate some of the above observations. Circular ink imprints were stamped along the thoracic aorta using the end of a piece of metal tubing. When the pressure was increased or decreased, the circles deformed into ellipses with semi-axes parallel to the 0 and z directions indicating that the shearing strain, y z e, is also small in vivo.
Experimentally it was difficult to evaluate the shearing strain, y r e. Its value was estimated in the thoracic aorta while the vessel was longitudinally constrained. The value of y r e varied between 0.Q22 and 0.115 as shown in Table 1 . These values, although larger than y z e, are still much smaller than the corresponding circumferential or longitudinal strains. Moreover, the greatest increase in •y, © occurs above pressures of 179 cm H 2 O.
Discussion
These results indicate that under physiologic loading the shearing strain, y z e, is always small compared to the corresponding elongating strains, and the shearing strain, y r e, is also small particularly for pressures below 180 cm H 2 O. It can be shown that if the two shearing strains, y z e and y r e, are zero then the third one, y n , must also be zero because: "elastic symmetry with respect to two orthogonal planes implies elastic symmetry with respect to a third plane which is orthogonal to both the original planes" (15). This greatly simplifies the analysis of the elastic properties of these blood vessels since one can consider them to be cylindrically orthotropic tubes, having elastic symmetry about the planes perpendicular to r, 6, and z directions. As can be seen from the terms in the boxed portion of equations 1, this reduces the number of pertinent elastic coefficients from 21 to 6. In addition, since the vessel wall material is incompressible (16), it can be shown that these six coefficients can be reduced to three independent elastic moduli (8) in the three coordinate directions, r, 6, and z. These results are also consistent with the histologic observations that the bulk of the fibers in the walls of the large arteries are predominantly oriented in the circumferential (6) and longitudinal (z) directions (1, 2) .
Apart from the mathematical simplifications noted above, elastic symmetry also has certain practical implications. Without such symmetry, the larger vessels could develop large shearing strains within their walls or axial torsion along their length as pressure fluctuated to meet various physiologic or pathologic demands. Shearing strains in the wall could distort the lumen of vasa vasorum thus compromising wall nutrition. Large vessel torsions could deform the smooth conduit geometry, attenuate ostia into branches, and kink the entrance portions of the smaller effluent arteries. -Thus elastic symmetry per-Circulation Research, Vol. XXIV, January i % y mits the vascular bed to retain a hydrodynamically competent conduit geometry even under widely varying intravascular pressures.
